Abstract. Previous studies have demonstrated that the expression of aquaporin 3 (AQP3), a water channel which promotes glycerol permeability and water transport across cell membranes, is reduced in degenerative lumbar intervertebral disc (IVD) tissues. However, the role of AQP3 in the pathogenesis of IVD degeneration has not recieved much scholarly attention. The objective of the present study was to investigate the effect of AQP3 on cell proliferation and extracellular matrix (ECM) degradation in human nucleus pulposus cells (hNPCs) using gain-of-function and loss-offunction experiments, and to determine whether Wnt/β-catenin signaling is involved in the effect of AQP3 on IVD degeneration. hNPCs were transfected with the AQP3-pcDNA3.1 plasmid or AQP3 siRNA to overexpress or suppress AQP3. An MTT assay was performed to determine cell proliferation, and we found that AQP3 promoted hNPC proliferation. The expression of aggrecan, a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)4 and ADAMTS5 was detected using western blot analysis, to examine the effect of AQP3 on ECM degradation in hNPCs. The results revealed that AQP3 inhibited ECM degradation in hNPCs. In addition, we found that Wnt/β-catenin signaling was suppressed by AQP3. However, the effect of AQP3 on hNPC proliferation and ECM degradation was reversed by treatment with lithium chloride, a known activator of Wnt/β-catenin signaling. In conclusion, using in vitro and in vivo tests, we have reported for the first time, to the best of our knowledge, that AQP3 exerts protective effects against IVD degeneration, and these are effected, at least partially, through the inhibition of Wnt/β-catenin signaling.
Introduction
Lumbar intervertebral disc (IVD) degeneration is a major cause of lower back pain (1) ; it may reduce the quality of life of individuals (2) and causes significant socioeconomic problems (3) . During the process of degeneration, IVDs undergo morphological and biochemical changes (4, 5) . A decrease in water content is one of the characteristics of lumbar IVD degeneration (6) .
Aquaporins (AQPs) are a family of small, integral membrane proteins which regulate the influx and outflow of water and small molecules (7) . AQP3 is a member of the AQP family, and it acts as a water channel to promote glycerol permeability and water transport across cell membranes (8) . It has previously been noted that AQP3 immunoreactivity significantly decreased in the nucleus pulposus (NP) and annulus fibrosus (AF) of aged rats compared with young rats (9) , and the expression of AQP3 is reduced in the degenerated tissue of human lumbar IVDs (10) . However, little is known about the effect of AQP3 on the pathogenesis of IVD degeneration.
Wnt/β-catenin signaling plays an important role in the progression of IVD degeneration (11) (12) (13) . The activation of Wnt/β-catenin signaling triggers the process of IVD degeneration, suppresses the proliferation of NP cells and induces cellular senescence (14) (15) (16) .
In the present study, we performed an in vitro study using human NP cells (hNPCs) to evaluate the effect of AQP3 on the progression of IVD degeneration for the first time, to the best of our knowledge. Furthermore, this experiment aimed to determine whether Wnt/β-catenin signaling is involved in the effect of AQP3 on IVD degeneration
Materials and methods
Tissue samples. The present study was approved by the Ethics Committee of The Second Affiliated Hospital of Harbin Medical University (Harbin, China). Following the provision of informed consent, patients with lumbar IVD degeneration (n=12) and patients with spinal trauma (n=8) who underwent surgery at the Department of Orthopedic Surgery, The Second Affiliated Hospital of Harbin Medical University were enrolled in this study. The human NP samples were harvested and immediately frozen in liquid nitrogen for RNA and protein extraction at a later date.
Cell culture. hNPCs (ScienCell Research Laboratories, San Diego, CA, USA) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (both from Gibco Life Technologies, Carlsbad, CA, USA) at 37˚C in a humidified atmosphere of 5% CO 2 . Lithium chloride (LiCl) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in water at a concentration of 20 mM, to treat hNPCs for 24 h.
Cell transfection. The cells were seeded at 2.5x10 5 cells/well in a 6-well plate. Following overnight adherence, the cells were transfected with 1 µg AQP3-pcDNA3.1 plasmid, empty pcDNA3.1 vector, AQP3 siRNA or control siRNA (all were obtained from Fitgene Biological Technology Co., Ltd., Guangzhou, China) per well using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Cells in the blank group were not transfected with any plasmids or siRNA. Briefly, plasmid DNA/siRNA and Lipofectamine 2000 (Invitrogen Life Technologies) were diluted in two independent 250 µl volumes of Opti-MEM I (Invitrogen Life Technologies). After a 5-min incubation at room temperature, the DNA and the Lipofectamine 2000 in Opti-MEM I were combined and incubated for an additional 20 min to allow for the formation of DNA-Lipofectamine 2000 complexes. The DNA-Lipofectamine 2000 complexes were then added to each well. Six hours post-transfection, the medium was replaced with 2 ml of complete growth medium.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the tissues using TRIzol (Invitrogen Life Technologies). Subsequently, 1 µg of total RNA was reverse transcribed to cDNA using M-MLV reverse transcriptase (Promega Corp., Madison, WI, USA). The qPCR reactions were performed using the SYBR-Green PCR Master Mix (Applied Biosystems Life Technologies; Thermo Fisher Scientific, Waltham, MA, USA). The PCR primers were as follows: AQP3 sense, 5'-ccttcttgggtgctggaata-3' and antisense, 5'-acacacacgataagggaggc-3'; and β-actin sense, 5'-aagtactccgtgtggatcgg-3' and antisense, 5'-caccttcaccgttccagttt-3' . The PCR cycles were as follows: initial denaturation at 95˚C for 5 min, followed by 40 cycles of 94˚C for 20 sec, 60˚C for 20 sec and 72˚C for 5 min, and a final extension at 72˚C for 5 min. The PCR products were confirmed by electrophoresis on 2% agarose gel. All reactions were performed in duplicate on an ABI PRISM 7900HT Sequence Detection system (Applied Biosystems Life Technologies). The expression of mRNA was defined from the threshold cycle, and the final results were expressed as foldchanges between the patients with lumbar IVD degeneration and the patients with spinal trauma after normalization to the internal control β-actin.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
In the present study, an MTT assay was carried out using a cell proliferation assay kit (Boster Inc., Wuhan, China). Briefly, 10 4 cells were plated on 96-well plates. Following treatment, 20 µl MTT solution was added to each well and incubated for 4 h at 37˚C, followed by the addition of 100 µl dimethyl sulfoxide (DMSO; Sigma-Aldrich) to solubi-(DMSO; Sigma-Aldrich) to solubi-DMSO; Sigma-Aldrich) to solubilize the formazan. Finally, absorbance was recorded at 570 nm using a Multiskan Ascent 354 microplate reader (Thermo Labsystems, Waltham, MA, USA). The cell viability results of three independent experiments were normalized to the cells treated with medium only.
Western blot analysis. Proteins were prepared using a total protein extraction kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's instructions. The proteins were resolved on a sodium dodecyl sulfate (SDS) polyacrylamide gel and electrotransferred to a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk in TBST at 4˚C overnight, the membranes were incubated with the following specific antibodies: rabbit polyclonal to aquaporin 3 (ab125219; 1:400); rabbit polyclonal to aggrecan (ab36861; 1:500); rabbit polyclonal to a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)4 (ab45038; 1:1,000); rabbit polyclonal to ADAMTS5 (ab41037; 1:400); rabbit polyclonal to Axin 2 (ab32197; 1:500) (all from Abcam, Cambridge, MA, USA); rabbit polyclonal to β-catenin (sc-7199; 1:800; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); rabbit polyclonal to β-actin (RS-0061R; 1:1,000; Shanghai Ruiqi Biological Technology Co., Ltd., Shanghai, China) followed with goat anti-rabbit IgG polyclonal antibody (020002-G; 1:5,000; Beijing CellChip Biotechnology, Beijing, China). Immunolabeling was undertaken using an ECL western blotting kit (Pierce Biotechnology, Inc., Rockford, IL, USA).
Statistical analysis. Data are presented as the means ± standard deviation (SD) from at least three independent experiments conducted in triplicate. The differences between two groups were analyzed by Student's t-test. P-values <0.05 were considered to indicate a statistically significant difference.
Results
AQP3 expression in the NP tissue samples. AQP3 expression in the NP tissues was examined at the mRNA and protein levels. RT-qPCR results revealed that AQP3 mRNA expression was significantly decreased in the samples from patients with IVD degenereration compared with that in the control samples (the patients with spinal trauma). Similar to the mRNA expression results, AQP3 protein expression was also lower in the NP tissues from patients with IVD degeneration than those of patients in the control group (the patients with spinal trauma) (Fig. 1) .
Expression of AQP3 in human NP cells following transfection
with the AQP3-pcDNA3.1 plasmid and AQP3 siRNA. AQP3-pcDNA3.1 plasmid or AQP3-siRNA were transfected into hNPCs to cause overexpression or suppression of AQP3. Empty pcDNA3.1 vector and control siRNA exerted no significant effects on AQP3 expression (Fig. 2) . However, AQP3 protein levels in the hNPCs were significantly increased by transfection with the AQP3-pcDNA3.1 plasmid. Transfection with the AQP3 siRNA resulted in a significant decrease in AQP3 expression.
Effect of AQP3 expression on hNPC proliferation. An MTT assay was performed to determine the effect of AQP3 overexpression on hNPC proliferation. AQP3 overexpression significantly increased hNPC proliferation (Fig. 3) . In order to confirm the effect of endogenous AQP3 on hNPC proliferahNPC prolifera-proliferation, we examined whether AQP3 knockdown by AQP3 siRNA affected the survival rate of hNPCs. It was demonstrated that AQP3 knockdown exerted a significant inhibitory effect on hNPC proliferation.
Effect of AQP3 expression on extracellular matrix (ECM)
degradation. The effect of AQP3 overexpression on ECM degradation was investigated by western blot analysis. The results demonstrated that aggrecan expression was increased in AQP3 overexpressing-hNPCs ( Fig. 4A and B) . In addihNPCs ( Fig. 4A and B) . In addis ( Fig. 4A and B) . In addi-( Fig. 4A and B) . In addi- Fig. 4A and B) . In addition, the expression of the enzymes which are involved in the matrix degrading process, ADAMTS4 and ADAMTS5, was significantly decreased in hNPCs following overexpression of AQP3 (Fig. 4A, C and D) .
The effect of endogenous AQP3 on ECM degradation was also determined by detecting the expression of aggrecan, ADAMTS4 and ADAMTS5 in hNPCs. We demonstrated that the expression level of aggrecan was significantly decreased in hNPCs following transfection with the AQP3 siRNA ( Fig. 4A and B) . Moreover, knockdown of AQP3 expression in hNPCs led to the increased expression of ADAMTS4 and ADAMTS5 (Fig. 4A, C and D) .
Effect of AQP3 on Wnt/β-catenin signaling.
To investigate the effect of AQP3 overexpression on Wnt/β-catenin signaling, β-catenin and Axin 2 protein expression was measured in hNPCs. The results from western blot analysis revealed that AQP3 overexpression significantly decreased the expression of β-catenin and Axin 2. Knockdown of AQP3 expression in hNPCs induced a significant increase in β-catenin and Axin 2 protein levels (Fig. 5) .
Wnt/β-catenin signaling activation reverses the effect of AQP3 on hNPC proliferation and ECM degradation.
To investigate whether Wnt/β-catenin signaling was involved in mediating the effect of AQP3 on hNPC proliferation and ECM degrahNPC proliferation and ECM degraproliferation and ECM degradation, hNPCs overexpressing AQP3 were treated with LiCl, a known activator of Wnt signaling. As shown in Fig. 6 , in hNPCs the protein levels of β-catenin and Axin 2, which had been downregulated by AQP3 overexpression, were significantly increased by incubation with 20 mM LiCl for 24 h. An MTT assay revealed that the effect of AQP3 overexpression on promoting hNPC proliferation was attenuated by LiCl (Fig. 7) . In addition, we noted that the altered expression of aggrecan, ADAMTS4 and ADAMTS5 in AQP3-overexpressing hNPCs was reversed by LiCl (Fig. 8) .
Discussion
AQP3 is expressed in multiple epithelial tissues, knee articular cartilage, subchondral osteoblasts, synovium and IVDs (17, 18) . In the present study, we found that AQP3 was downregulated in the NP tissue samples of patients with lumbar IVD degeneration. This finding is consistent with the report by Ufuk et al which found that AQP-3 immunoreactivity significantly decreased in the NP of aged rats compared with young rats (9) .
The abnormal expression of AQP3 has been linked to various disease pathologies (19, 20) . In the present study, in vitro gainof-function and loss-of-function experiments were performed to verify the effect of AQP3 on IVD degeneration. The IVD consists of three distinct regions: the vertebral endplates (EPs), the AF and the NP (21) . NP cells secrete a complex ECM which mainly consists of proteoglycan and fibrillar collagen. The most important elements of disc degeneration are the decline in the number of disc cells and the extensive degradation of the ECM (22, 23) . Aggrecan is a type of proteoglycan, and it is the major macromolecular component of ECM. The synthesis and degradation of aggrecan are in dynamic equilibrium, maintaining the normal structure and biomechanical function of the IVD (24) . ADAMTS4 and ADAMTS5 are the two major aggrecanases, which have the ability to degrade aggrecan (25) . It has been demonstrated that the expression of ADAMTSs is increased in the NP of human degenerative disc disease (26) .
Our data demonstrated that AQP3 promoted cell proliferation, as determined by an MTT assay. In addition, we found that AQP3 inhibited ECM degradation in hNPCs, as evidenced by the increased expression of aggrecan, and the decreased expression of ADAMTS4 and ADAMTS5. These results indicate that AQP3 exerts protective effects against IVD degeneration.
Wnt/β-catenin signaling regulates the proliferation and differentiation of various cell types; therefore, it is involved in tissue degeneration and regeneration (27, 28) . Several research groups have suggested that Wnt/β-catenin signaling contributes to the pathogenesis of IVD degeneration. It has previously been demonstrated that the levels of β-catenin-positive cells increased as IVD degeneration progressed (29) . In a previous study, it was noted that treatment of NP cells with a Wnt/β-catenin activator resulted in decreased cell proliferation (15) . In addition, activation of Wnt/β-catenin signaling induced the expression of matrix metalloproteinases and TGF-β in NP cells, leading to an increased breakdown of the matrix, thereby promoting IVD degeneration (16) . In the present study, we noted that in hNPCs, Wnt/β-catenin signaling was regulated by AQP3. Activation of the Wnt/β-catenin signaling pathway attenuated the effect of AQP3 on cell proliferation and ECM degradation in hNPCs. These findings suggest that AQP3 exerts protective effects against IVD degeneration through the inhibition of Wnt/β-catenin signaling.
In conclusion, we have provided in vitro evidence that AQP3 exerts protective effects against IVD degeneration, and these are effected, at least partially, through the inhibition of Wnt/β-catenin signaling. This study has improved our understanding of the mechanisms underlying the effects of AQP3 in the progress of IVD degeneration, and suggested a potential strategy for the treatment of IVD degeneration.
